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Deoxyfrenolicin and nanaomycin A have been synthesized. Key steps in the synthesis include a phthalide
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Deoxyfrenolicin and nanaomycin A have been synthesized. Key steps in the synthesis include a phthalide 
annulation reaction to produce a naphthoquinone, a tandem Diels-Alder/retro-Claisen reaction to produce the 
carbon skeleton, and a stereoselective reduction of a hemiketal. 
The pyranoquinone antibiotics are a diverse family 
produced by various species of Streptomyces. Some 
members of this family exhibit antifungal activity, anti- 
cancer activity, or anticoccidial activity.l Their useful 
activity has made these compounds attractive synthetic 
objectives. Recently, total syntheses of nanaomycin D (11, 
nanaomycin A (2a), kalafungin, frenolicin, deoxyfrenolicin 
(2b), and the enantiomer of griseusin (3) have been 
H? 0 OH 0 R 
I I  2a: R=CH, 
0 b: R = P r  
1 
3 
achieved.2 Our synthesis of 1 and kalafungin was based 
on the addition of an alkoxyfuran to an activated naph- 
th~quinone .~  While this strategy provided a valuable 
entry to the lactone-containing pyranoquinones, it could 
not be extended to the synthesis of 2 and 3.4 Interestingly, 
however, the ladone-containing pyranoquinones have been 
prepared from the corresponding acids (e.g., 1 has been 
synthesized from 2a). This transformation occurs under 
quite mild conditions and may be related to the biogenetic 
p a t h ~ a y . ~  In a related study, we had observed that 
Diels-Alder adduct 5 was extremely unstable to base and 
~ 
(1) Iwai, Y.; Kora, A.; Takahashi, Y.; Hayashi, T.; Awaya, J.; Masuma, 
R.; Oiwa, R.; Omura, S. J. Antibiot. 1978,31,959 and references therein. 
(2) For the most recent papers by each research group: (a) Uno, H. 
J. Org. Chem. 1986,51,350. (b) Semmelhack, M. F.; Keller, L.; Sato, T.; 
Spiess, E. J.; Wulff, W. J. Org. Chem. 1985,50,5566. (c) Li, T.-T.; Ellison, 
R. H. J. Am. Chem. SOC. 1978,100,6263. (d) Ichihara, A.; Ubukata, M.; 
Oikawa, H.; Murakami, K.; Sakamura, S. Tetrahedron Lett. 1980, 21, 
4469. (e) Kometani, T.; Takeuchi, Y.; Yoshii, E. J. Org. Chem. 1983,48, 
2631. (fj South, M. S.; Liebeskind, L. S. J. Am. Chem. SOC. 1984, 106, 
4181. (9) Tatsuta, K.; Akimoto, K.; Annaka, M.; Ohno, Y.; Kinoshita, M. 
Bull. Chem. SOC. Jpn. 1985,58, 1699. 
(3) Kraus, G. A.; Roth, B. J. Org. Chem. 1978, 43, 4923. 
(4) A variety of conditions were examined (HQ, Pd/C or R /C;  Li, NH,; 
EkSiH, BF,.EgO; Zn, HOAc). These experiments were done by Dr. 
James MacMillan. 
(5) Tanaka, H.; Marumo, H.; Nagai, T.; Okada, M.; Taniguchi, K.; 
Omura, S. J. Antibiot. 1975, 28, 925 and references therein. 
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that it underwent a facile retro-aldol reaction.6 In light 
of the above information, we reasoned that a hemiketal 
intermediate such as 4 might enable us to synthesize the 
entire class of compounds, provided that the hemiketal 
could be selectively reduced. The hemiketal, in turn, might 
be directly prepared by a Diels-Alder reaction followed 
by a retro-Claisen reaction. This plan has now been re- 
duced to practice; the successful synthetic route is illus- 
trated in Scheme I. 
The cyanophthalide 6 was prepared by a modification 
of the Li procedure.' Deprotonation of 6, followed by 
Michael addition with methyl vinyl ketone (MVK) and an 
intramolecular Claisen reaction, afforded a hydroquinone 
which could be oxidized with ceric ammonium nitrate 
(CAN) to quinone 7a.8 The yield of quinone from 6 was 
66%. The best conditions for this annulation involved the 
addition of solid potassium tert-butoxide in portions to 
a cold solution of 6 and MVK in dry Me2S0. These con- 
ditions represent a considerable improvement over our 
previously reported procedure that afforded 7a in only 
25% yield? As expected, the Diels-Alder reaction of 7a 
with the ketene acetal derived from ethyl crotonate1° 
proceeded cleanly and rapidly at ambient temperature. 
The NMR of the unpurified product showed only three 
singlets for the t-BuMe2Si0 group. The retro-Claisen 
reaction was also quite facile with 2 equiv of tetrabutyl- 
ammonium fluoride in THF at  0 OC. The cis crotonate 
subunit that was liberated by the retro-Claisen reaction 
rapidly reacted with the neighboring phenol to produce 
9a. This cyclization had previously been observed by both 
Yoshii and Uno. They avoided this cyclization by pro- 
tecting the phenol. For our considerations, however, this 
cyclization was a desirable reaction. Oxidation of 9a with 
CAN in aqueous acetonitrile a t  ambient temperature 
produced the key hemiketal 10a in 71% yield from 7a. 
Both the proton and the carbon NMR spectra of 10a in- 
dicated that only one hemiketal was present. The struc- 
ture of 10b (R = Pr) was determined by X-ray crystal- 
1ography.l' It supports this structure which was initially 
(6) Kraus, G. A.; Walling, J. A. Tetrahedron Lett. 1986, 27, 1873. 
(7) Li, T.-T.; Wu, Y. L.; Walgrove, T. C. Tetrahedron 1984,40,4701. 
(8) Ho, T.-L.; Hall, T. W.; Wong, C. M. Chem. 2nd. (London) 1972, 
(9) Kraus, G. A.; Cho, H.; Crowley, S.; Roth, B.; Sugimoto, H.; Prugh, 
(IO) Lombardo, L. Tetrahedron Lett. 1985,26, 381. 
729. 
S. J. Org. Chem. 1983, 48, 3439. 
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Table I. Reduction of Hemiketals to Ethers 
X R '  OH X R' 
& RZ -& R 2
entry x R1 R2 % yield4 cis/trans ratio 
1 OH CH3 CH3 93 1000 13 
2 H CH3 i-Pr 70 1000 14 
3 H Ph CH3 86 1O:l 15 
4 H P h  i-Pr 75 1oo:o 16 
5 H CHI CHI 88 1oo:o 17 
Ph OH 
cis/trans ratio 
-$I 
entry R n %I yield 
assigned on the basis of the anomeric effect. 
The reduction of a hemiacetal unit to an ether has been 
studied by several researchers.I2 We studied this trans- 
formation in the context of converting a lactone to a cyclic 
ether.I3 The reduction of a hemiketal to a cyclic ether 
would introduce a new stereogenic center. Although Kishi 
has reported an interesting example in the carbohydrate 
area, no studies on simpler alicyclic systems appear to have 
been reported.14 We initially examined the stereochemical 
consequences of this reduction on several model systems. 
The results are illustrated in Table I. The results show 
a strong preference for the production of an ether in which 
the two groups are cis. All results are consistent with axial 
delivery of hydride from Et,SiH. This is opposite to the 
desired relative stereochemistry; however, the acid-cata- 
lyzed epimeri2ation to the trans orientation has already 
been documented in related pyranonaphthoquinones." 
The ionic hydrogenation conditions (triethylsilane, 
CF,C02H) afforded a 95% yield of 11. This deoxygenation 
(11) ORTEP drawing of lob. 
(12) Taniguchi, E.; Ishibashi, F.; Nmtomi,  Y. Heterocycles 1984,21, 
549. Grynkiewicz, G. Carbohydr. Res. 1984, 128, C9. Bruckner, C.; 
Reiseig, H.-U. J. Chem. SOC., Chem. Commun. 1986,1512. 
(13) Kraus, G. A.; Frazier, K. A.; Roth, B. D.; Taschner, M. J.; 
Neuenschwander, K. J. Org. Chem. 1981,46,2417. Kraraue, G. A., Moliia, 
M. T.; Walling, J. A. J .  Chem. SOC., Chem. Commun. 1986, 1568. 
(14) Lewis, M. D.; Cha, J. K.; Kishi, Y. J. Am. Chem. Soc. 1982, 104, 
4976. 
(15) Semmelhack, M. F.; Bozell, J. J.; Sato, T.; Wulff, W.; Spiess, E.; 
Zask, A. J. Am. Chem. SOC. 1982,104, 5850. 
(16) Okabe, T.; Nomoto, K.; Funabashi, H.; Okuda, S.; Suzuki, H.; 
Tanaka, N. J. Antibiot. 1986, 38, 1336. 
(17) Li, T.-T.; Ellison, R. H. J. Am. Chem. SOC. 1978,100,6263. 
(18) An authentic sample of 19 and ita tram isomer waa obtained from 
2-methyl-6-valeroladone by (1) PhMgC1, THF, 0 OC; (2) LiAlH,, THF, 
0 OC; (3) TsCl, EON, cat. DMAP, CH2C12; (4) NaH, THF, 0-26 OC. As 
expected by Cram's rule, the cis isomer predominated in a 3 1  ratio. The 
obtention of 19 is consistent with axial delivery of hydride (EqSiH) to 
an intermediate cation with the methyl group in an axial position to avoid 
strain. 
74 
75 
1:l 
1000'8 
18 
19 
H e  BS 
0 
8 
CAN 
CHfiOfi' 
Qa: RcCH3. R'=Et 
b: R = P r .  R ' =  Me 
1. EIaSiH.  TFA 
2. ref. 15 - 2  
10: X = O H  
11: X = H  
reaction is considered to proceed via a highly ordered 
transition state involving all three reactants; however, in 
this case the formation of dienol 12 followed by tautom- 
OH 
12 
erization to 11 is a distinct possibility and cannot be ruled 
out. The NMR spectrum of quinone 11 (R = CH3, R' = 
Me) is identicalza with ours. Semmelhack15 had already 
reported the simultaneous cleavage of the methyl ether and 
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partial epimerization with boron tribromide. While we 
obtained the desired phenol as a 2.&2.5:1 ratio of trans/& 
isomers, we also identified approximately 5% of a mono- 
brominated product. This latter side product could be 
reduced by using 5% Pd/C in ethanol to the methyl ester 
of 2a. T h e  methyl ester of 2a has been hydrolyzed to 2a 
by using dilute sodium h y d r 0 ~ i d e . l ~  
The synthesis of deoxyfrenolicin began with the reaction 
of 6 with propyl vinyl ketone. Oxidation to  quinone 7b, 
followed by Diels-Alder/retro-Claisen reaction to  9b and 
oxidation and reductive deoxygenation afforded 1 l b  in 
32% overall yield from 6. Quinone l l b  was stereochem- 
ically homogeneous as evidenced by carbon NMR. Again, 
the only isomer produced by the reductive deoxygenation 
was the  cis isomer. Quinone l l b  was then reacted with 
BBr, in hexanes. In this case only the trans isomer was 
obtained. Again, a small amount of brominated product 
was isolated. This could be converted to the methyl ester 
of deoxyfrenolicin with 5% Pd/C. The ester has been 
hydrolyzed to furnish deoxyfren01icin.l~ 
This route is the  most direct and efficient route yet 
reported. It is extremely direct, generating the pyrano- 
quinone nucleus in only seven steps. Additionally, these 
syntheses represent the first use of the Diels-Alder/re- 
tro-Claisen (DARC) strategy in natural products synthesis. 
The extension of this strategy to the  synthesis of more 
complicated pyranoquinones such as lactoquinomycinle is 
currently in  progress. 
Experimental Section 
Unless otherwise noted, materials were obtained from com- 
mercial suppliers and were used without purification. Di- 
chloromethane was distilled from phosphorus pentoxide. Infrared 
spectra were determined on a Beckman IR-4250 spectrometer. 
Nuclear magnetic resonance spectra were determined on a Nicolet 
300-MHz instrument. Carbon-13 NMR spectra were determined 
on a JEOL FX-9OQ Fourier transform instrument. High reso- 
lution mass spectra were determined on a Kratos mass spec- 
trometer. Elemental-analyses were performed by Galbraith 
Laboratories, Inc., Knoxville, TN. 
General Procedure for the  Formation of Cyclic Ethers. 
To a solution of the lactone (1 equiv) in dry tetrahydrofuran (5 
mL/mmol) at -78 "C was added dropwise methyllithium (1.1 
equiv) or phenylmagnesium chloride (1.1 equiv). The solution 
was stirred at  -78 O C  for 2 h and then quenched at -78 OC 
(methyllithium cases) or stirred at -78 "C for 1 h and then allowed 
to warm to 0 "C before the quench (PhMgC1 cases). Acetic acid 
(1.1 equiv) was then added and the reaction was poured into 
ice-water. The aqueous layer was extracted three times with 
chloroform. The combined organic extracts were dried over 
sodium sulfate, filtered, and concentrated. The crude hemiketal 
was taken directly on to the reduction without purification. The 
crude lactol (1 equiv) was dissolved in methylene chloride (25 
mL/equiv) and cooled to -78 "C. Trifluoroacetic acid (3 equiv) 
was added dropwise and the solution was stirred for 15 min. 
Triethylsilane (3 equiv) was added and the reaction was stirred 
at  -78 "C for 30 min and then allowed to warm to ambient 
temperature over 2 h. The solution was then poured into ice- 
water. The aqueous layer was extracted three times with chlo- 
roform. The combined organic extracts were dried and concen- 
trated. The crude product was purified by chromatography on 
silica gel using either hexanes/ethyl acetate or hexanes/methylene 
chloride. 
2-Phenyl-3-methyltetrahydropyran (19): 300-MHz 'H 
NMR (CDC13) 6 0.74 (d, J = 7 Hz, 3 H), 1.32-1.38 (m, 1 H), 
1.74-1.81 (m, 1 H), 1.84-2.07 (m, 3 H), 3.57-3.66 (m, 1 H), 4.13-4.23 
(m, 1 H), 4.55 (d, J = 2 Hz, 1 H), 7.17-7.33 (m, 5 H); IR (film) 
2935, 1450 cm-'; HRMS, m/e calcd 176.1201, found 176.1203. 
8-Hydroxy-l,3-dimethyl-3,4-dihydro-lHi-2-benzopyran (13): 
= 7 Hz, 3 H), 2.42-2.82 (m, 2 H), 3.78-3.90 (m, 1 H), 4.82-4.92 
(bq, J = 7 Hz, 1 H), 6.62-6.71 (m, 2 H), 6.97-7.08 (m, 1 H); IR 
(Nujol mull) 3350,1585, 1460, 782,722 cm-'; MS, m/e 134, 163, 
300-MHz 'H NMR (CDClJ 6 1.38 (d, J = 7 Hz, 3 H), 1.55 (d, J 
J. Org. Chem., Vol. 52, No. 7, 1987 1275 
178; HRMS, m/e calcd 178.09938, found 178.09903; mp 111-112 
"C (ether/hexanes). 
l-Phenyl-3-methyl-3,4-dihydro-lH-2-benzopyran (16): 
300-MHz 'H NMR (CDCI,) 6 1.23 and 1.40 (d, J = 6 Hz for both 
isomers, 3 H), 2.73-2.97 (m, 2 H), 3.97-4.10 (m, 1 H), 5.74 and 
5.93 (br s, 1 H), 6.66-7.38 (m, 9 H); IR (film) 2982, 1490, 1450, 
1065, 640, 598 cm-'; MS, m/e 105, 147, 165, 179, 224. 
1-Phenyl-3- ( 1 -met hylet hyl)-3,4-dihydro- 1 H-2-benzopyran 
(16): 300-MHz 'H NMR (CDC13) 6 1.00 (d, J = 7 Hz, 3 H), 1.03 
(d, J = 7 Hz, 3 H), 1.82-1.90 (m, 1 H), 2.74-3.00 (m, 2 H), 3.53-3.62 
(m, 1 H), 5.68 (s, 1 H), 6.68 (d, J = 7.5 Hz, 1 H), 6.98-7.39 (m, 
8 H); IR (film) 2950,1490,1452,1082,1068,740,696 cm-'; MS, 
m/e 165, 181, 209, 252; HRMS, m/e calcd 252.1514, found 
252.1513. 
l-Methyi-3-( l-methylethyl)-3,4-dihydro-lH-2-benzopyran 
(14): 300-MHz 'H NMR (CDC1,) 6 0.97 (d, J = 6 Hz, 3 H), 1.10 
(d, J = 6 Hz, 3 H), 1.52 (d, J = 6 Hz, 3 H), 1.73-1.86 (m, 1 H), 
2.65-2.82 (m, 2 H), 3.27-3.36 (m, 1 H), 4.76-4.86 (bq, J = 6 Hz, 
1 H), 7.05-7.23 (m, 4 H); IR 2960, 1490, 1450, 1114, 1110, 760, 
732 cm-'; MS, m/e 91,118,129,147,157,175,190; HRMS, m/e 
calcd 190.13577, found 190.13556. 
2-Phenyl-3-methyltetrahydrofuran (18): 300-MHz 'H NMR 
(CDC13) b 0.60 and 1.08 (3 H), 1.65-1.85 (m, 1 H), 2.02-2.26 (m, 
1 H), 2.45-2.57 (m, 1 H), 3.88-4.22 (m, 2 H), 4.28 (d, J = 8 Hz, 
1/2 H), 4.95 (d, J = 6 Hz, '/2 H), 7.2-7.35 (m, 5 H); IR (film) 2960, 
1450,1092,1044 cm-'; MS, m/e 117,147,162; HRMS, m/e calcd 
162.1045, found 162.1041. 
1,3-Dimethyl-3,4-dihydro-lH-2-benzopyran (17): 300-MHz 
3 H), 2.63-2.82 (m, 2 H), 3.78-3.88 (m, 1 H), 4.86 (4, J = 6 Hz, 
1 H), 7.04-7.22 (m, 4 H); IR (film) 2985, 1490, 1445, 1112, 734 
cm-'; MS, m / e  117, 129, 147, 161, 162; HRMS, m/e calcd 
162.10447, found 162.1038. 
2-Acetyl-1,4-dihydroxy-8-methoxynaphthalene. To a so- 
lution of phthalide 6 (2.15 g, 11.37 mmol) and methyl vinyl ketone 
(1.04 mL, 12.5 "01) in 57 mL of dimethyl sulfoxide at ambient 
temperature was added potassium tert-butoxide (1.945 g, 17.35 
mmol). After stirring 90 min at ambient temperature, an equal 
portion of potassium tert-butoxide was added and stirring con- 
tinued for 90 min. The reaction mixture was diluted with 30 mL 
of diethyl ether and acidified with excess 2 N HCl. The resulting 
yellow solution was poured into 500 mL of ice water and extracted 
eight times with 50-mL portions of diethyl ether. The organic 
extracts were combined, washed with brine, and dried. The 
solvents were removed in vacuo and the residue chromatographed 
on 175 g of silica gel, eluting with 2.51 hexanes/ethyl acetate to 
afford 1.74 g (66%): 300-MHz 'H NMR (CDC13) 6 2.65 (s, 3 H), 
4.05 (s, 3 H), 6.96 (d, 1 H, J = 7.8 Hz), 7.16 ( 8 ,  1 H), 7.54 (t, 1 
H, J = 8.1 Hz), 7.82 (d, 1 H, J = 8.1 Hz), 8.14 ( 8 ,  1 H), 13.6 (s, 
1 H); IR (CDC13) 3600-3400, 1640, 1600 cm-'. 
E thyl  [5-Acetyl-6-hydroxy-7-methoxy-3,4-dihydro- 
naphtho[ 1,2-b]furan-3-yl]acetate (9a). To the hydroquinone 
(540 mg, 2.32 mmol) in 25 mL of acetonitrile at ambient tem- 
perature was added ceric ammonium nitrate (2.92 g, 5.34 mmol) 
in 4 mL of water. After being stirred for 20 min at ambient 
temperature, the reaction mixture was diluted with 20 mL of 
methylene chloride and poured into 100 mL of water containing 
10 mL of a 1 M pH 7.2 phosphate buffer. The layers were 
separated and the aqueous phase was extracted with 30 mL of 
methylene chloride. The organic extracts were combihed, washed 
with water, dried over magnesium sulfate, and concentrated in 
vacuo. The quinone was diluted with 19 mL of methylene chloride 
and transfered to a dry two-necked flask under positive argon 
pressure. To this solution was added 1-ethoxy-1-[ (tert-butyldi- 
methylsily1)oxyjbutadiene (1.12 g, 4.9 m o l )  in 1 mL of methylene 
chloride at  -78 "C. The reaction mixture was stirred for 15 min 
at -78 OC, warmed slowly to ambient temperature, and then 
recooled to 0 "C. The resulting pale yellow solution was treated 
sequentially with 10 mL of acetonitrile, 5 mL of a pH 7.5 phos- 
phate buffer, and tetrabutylammonium fluoride (4.8 mL of a 1.0 
M solution of THF). The resulting dark brown solution was 
warmed to ambient temperature, acidified with 2 N HCl, and 
poured into 100 mL of brine. The aqueous phase was extracted 
with three 40-mL portions of diethyl ether, and the organic ex- 
tracts were combined, washed with brine, and dried over mag- 
nesium sulfate. The solvents were removed in vacuo and the 
'H NMR (CDC13) 6 1.37 (d, J = 6 Hz, 3 H), 1.56 (d, J = 6 Hz, 
1276 J .  Org. Chem. 1987,52. 1276-1280 
residue flash chromatographed on silica gel eluting with 2.7:l 
hexanes/ethyl acetate to afford 613 mg (77%) of 9a, yellow needles 
from ethyl acetate/hexanes: mp 103-104.5 "C; 3OcLMHz 'H NMR 
(CDCl,) 6 1.27 (t, 3 H, J = 6.9 Hz), 2.65 (s ,  3 H), 2.68 (dd, 1 H, 
J = 15.6 and 6.3 Hz), 2.87 (dd, 1 H, J = 15.6 and 7.2 Hz), 3.23 
(dd, 1 H, J = 16.8 and 7.2 Hz), 3.69 (dd, 1 H, J = 16.8 and 9.6 
Hz), 4.01 (s, 3 H), 4.19 (9, 2 H, J = 6.9 Hz), 5.24 (m, 1 H), 6.75 
(d, 1 H, J = 7.5 Hz), 7.30-7.50 (m, 2 H), 11.35 (s, 1 H); IR (film) 
3005,1730,1610,1390,1310,1220,1150,1080 ax-'; 13C NMR 14.37, 
32.50,38.38,41.09,56.22,60.64,78.87,105.40,114.75,115.08,116.26, 
118.56, 124.94, 128.62, 146.79, 154.03, 157.72, 170.40, 201.11 ppm; 
MS, m l e  344,270,257,241; HRMS, m l e  calcd 344.12599, found 
344.1259. 
trans -Ethyl [ 1-Hydroxy-9-methoxy- 1-methyl-5,lO-dioxo- 
3,4,5,10-tetrahydronaphtho[2,3-c]pyran-3-yl]acetate (loa). 
To a solution of 9 (613 mg, 1.78 mmol) in 40 mL of acetonitrile 
at ambient temperature was added ceric ammonium nitrate (2.36 
g, 4.30 mmol) in 8.5 mL of water. The reaction mixture was stirred 
30 min at  ambient temperature and poured into 50 mL of water 
containing 5 mL of a pH 7.5 phosphate buffer, and the layers were 
separated. The aqueous phase was extracted twice with 30-mL 
portions of methylene chloride, and the organic extracts were 
combined, washed with water, and dried over magnesium sulfate. 
The solvents were removed in vacuo and the residue was crys- 
talliied from methylene chloride/hexanes to afford 553 mg (91%) 
of 10a as yellow needles: mp 153-154 "C; 300-MHz 'H NMR 
(CDC1,) 6 1.29 (t, 3 H, J = 7.2 Hz), 1.73 (8, 3 H), 2.28 (dd, 1 H, 
J = 18.7 and 11.1 Hz), 2.64 (dd, 1 H, J = 15.6 and 6.6 Hz), 2.76 
(dd, 1 H, J = 15.6 and 6.6 Hz), 2.88 (dd, J = 18.7 and 2.7 Hz), 
3.87 (br s ,  1 H), 4.02 (s, 3 H), 4.19 (9, 2 H, J = 7.2 Hz), 4.48 (m, 
1 H), 7.32 (dd, 1 H, J = 8.1 and 0.9 Hz), 7.64-7.80 (m, 2 H); IR 
(CHCI,) 360~3400,3010,1730,1655,1585,1270 cm-'; 13C NMR 
14.02, 27.64,28.23,40.09, 56.71,60.69,65.00, 94.30, 118.34, 119.06, 
120.01, 133.97, 135.27, 140.35, 146.33,159.84,170.19,182.02,182.18 
ppm; MS, m / e  342, 296, 268, 244, 229, 201; HRMS, m / e  calcd 
360.12091, found 360.12032. 
cis -Ethyl [ 9-Methoxy- 1-methy1-5,10-dioxo-3,4,5,10-tetra- 
hydro-lH-naphtho[2,3-c]pyran-3-yl]acetate (l la).  To a so- 
lution of 10a (102 mg, 0.30 mmol) in 15 mL of methylene chloride 
at -78 "C was added trifluoroacetic acid (0.14 mL, 1.8 mmol), and 
the resulting slurry was stirred at -78 "C for 15 min. To the slurry 
was added triethylsilane (0.29 mL, 1.8 mmol) at  -78 "C. The 
reaction mixture was slowly warmed to ambient temperature over 
3 h. The resulting yellow solution was concentrated in vacuo and 
the residue crystallized from diethyl etherlhexanes to afford 93 
mg (95%) of I l a  as yellow needles: mp 118-119 "C [lit.2c mp 
Hz), 1.52 (d, 3 H, J = 6.6 Hz), 2.28 (ddd, 1 H, J = 18.1, 10.5, and 
3.7 Hz), 2.60 (dd, 1 H, J = 15.6 and 7.5 Hz), 2.70 (dd, 1 H, J = 
15.6 and 7.5 Hz), 2.83 (apparent dt, 1 H, J = 18.1, 2.5, and 2.5 
Hz), 3.93 (m, 1 H), 4.00 (s, 3 H), 4.19 (q, 2 H, J = 7.2 Hz), 4.87 
(m, 1 H), 7.28 (br d, 1 H, J = 8.4 Hz), 7.64 (t, 1 H, J = 7.8 Hz), 
7.73 (dd, 1 H, J = 7.8 and 0.9 Hz); IR (film) 2980,1730,1660,1585, 
1270 cm-'; MS, m l e  344, 298, 270, 257, 240; HRMS, m / e  calcd 
344.12599, found 344.1255. 
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Alkenyltrimethylsilanes ((E)- and (Z)-RCH==CHSiMe,: R = H, Ph, n-CBH13, and CH30CH2) stereospecifically 
reacted at 40 "C or room temperature with in situ generated phenylpalladium acetate to produce R(Ph)C=CHSiMe3 
and RCH=C(Ph)SiMe, with inversion of their geometry. The arylation of CH2=CHSiMe3 with arylpalladium 
acetates gave (E)-ArCH=CHSiMe, (Ar = XPh; X = H. 4-Me, 4-Me0,4-Br, 4-1,4-EtOCO, and in good 
yields. 
Stereospecific transformations of alkenylsilanes by a 
variety of electrophiles have been developed and utilized 
in organic synthesis.' However, little is known concerning 
the reaction of alkenylsilanes with transition-metal or- 
ganometallics or salb whose catalysis has an important role 
in C-C coupling of main group organometallics with car- 
bon-based electrophiles.2 
Reactions of (E)-PhCH=CHSiMe3 or (E)-PhCH= 
CHSiFc- with palladium salts have been reported to give 
(E)-PhCH=CHPd intermediates thr6ugh an addition- 
(1) (a) Chan, T. H.; Fleming, I. Synthesis 1979, 761. (b) Colvin, E. W. 
Silicon in Organic Synthesis; Butterworth London, 1981; p 44. (c) 
Weber, W. P. Silicon Reagents for Organic Synthesis; Springer-Verlag: 
Berlin, 1983; p 79. (d) Magnus, P. D.; Sarkar, T.; Djuric, S. Compre- 
hensive Organometallic Chemistry; Wilkinson, G., Stone, G. A., Abel, E. 
W., Eds.; Pergamon Press: New York, 1983; Vol. 8, Chapter 48.4. 
(2) Collman, J. P.; Hegedus, L. S. Principle and Application of Or- 
ganotransition Metal Chemistry; University Science Books: Mill Valley, 
CA, 1980. 
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Scheme I 
(E ) -RCH=CHAr  t R ( A r ) C = C H 2  P d ( 0 )  y ArN2BF4  
t M e 3 S i F  t BF3 
(E)- and (Z ) -RCH=CHSiMe3  
( R = P h ,  n-C6H13, CH30CH2 ) 
elimination3 or tran~metalation~ mechanism. Palladium- 
catalyzed reactions of CH,=CHSiMe3 with aryl iodides 
yield aryl-desilylated products, ArCH=CH2.5 Recently 
(3) Weber, W. P.; Flex, R. A.; Willard, A. K.; Koenig, K. E. Tetrahe- 
dron Lett. 1971, 4701. 
Kumada, M. Organometallics 1982, I ,  542. 
(4) Yoshida, J.; Tamao, K.; Yamamoto, H.; Kakui, R.; Uchida, T.; 
(5) Hallberg, A.; Westerlund, C. Chem. Lett. 1982, 1993. 
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